The effect of 12 surfactants on aflatoxin production, growth, and conidial germination by the fungus Aspergilus flavus is reported. Five nonionic surfactants, Triton X-100, Tergitol NP-7, Tergitol NP-10, polyoxyethylene (POE) 10 lauryl ether, and Latron AG-98, reduced aflatoxin production by 96 to 99%o at 1% (wt/vol). Colony growth was restricted by the five nonionic surfactants at this concentration. Aflatoxin production was inhibited 31 to 53% by lower concentrations of Triton X-100 (0.001 to 0.0001%) at which colony growth was not affected. Triton X-301, a POE-derived anionic surfactant, had an effect on colony growth and aflatoxin production similar to that of the five POE-derived nonionic surfactants. Sodium dodecyl sulfate (SDS), an anionic surfactant, and dodecyltrimethylammonium bromide, a cationic surfactant, suppressed conidial germination at 1% (wt/vol). SDS had no effect on aflatoxin production or colony growth at 0.001%. The degree of aflatoxin inhibition by a surfactant appears to be a function of the length of the hydrophobic and hydrophilic chains of POE-derived surfactants.
The fungi Aspergillus flavus, Aspergillus parasiticus, and the newly described Aspergillus nomius (22) synthesize secondary metabolites named aflatoxins (2) . Aflatoxins are a group of highly toxic, mutagenic, and carcinogenic polyketide compounds. Aflatoxin B1 (AFB1) is the most toxic and carcinogenic of the four most common aflatoxins, i.e., AFB1, AFB2, AFG1, and AFG2. Whereas nearly all A. parasiticus isolates produce aflatoxins B and G (27) , toxigenic A. flavus isolates produce only B aflatoxins. Reports on the percentage of A. flavus isolates which are toxigenic vary, e.g., 28 , 41, 65, and approximately 90% in references 24, 20, 16 , and 18, respectively. A. nomius, a species very closely related to A. flavus, produces both B and G aflatoxins (27) .
These molds infect crops such as corn, cottonseed, peanuts, and tree nuts in the field and in storage. A. flavus is isolated more frequently thanA. parasiticus from most crops except for peanuts (25) .
Approximately 100 compounds have been demonstrated to inhibit aflatoxin production (2, 33) , and most appear to do so by inhibiting fungal growth (33) . The mode of action of most compounds which inhibit aflatoxin production is unknown. Two extensively studied inhibitors of aflatoxin synthesis are dichlorvos and caffeine. Dichlorvos is an organophosphate insecticide which inhibits aflatoxin synthesis but not growth (17) . Dichlorvos inhibits an enzymatic reaction in the conversion of versiconal hemiacetal acetate to versicolorin A in the aflatoxin biosynthetic pathway (28) . Caffeine inhibits both growth and aflatoxin production (5) . The possible mode of action for the inhibition of aflatoxin by caffeine has been extensively investigated (6) . Caffeine inhibits glucose uptake in A. parasiticus; therefore, it may inhibit aflatoxin production by reducing the concentration of glucose metabolites required for aflatoxin biosynthesis (7) .
Surfactants have been used for nearly 30 years to restrict spreading of mold colonies on agar medium. Molds grow by hyphal tip elongation (15) , and surfactants restrict this elongation (3) . Surfactants are also used as fungicides in agricul-ture (13) . Some surfactants kill fungi by damaging the outer membrane and increasing cell permeability. Some surfactants may inhibit germination by causing leakage of amino acids from conidia (13) . To our knowledge, this is the first investigation of the effect of surfactants on aflatoxin production. min at room temperature; taken to dryness at 40°C with N2, and rediluted to 1.0 ml with water-acetonitrile (9:1). Samples were quantitatively analyzed by reverse-phase high-pressure liquid chromatography (HPLC). HPLC (Hewlett Packard 1050) analysis consisted of isocratic elution of aflatoxins with water-methanol-acetonitrile-acetic acid (55:35:15:0.5) at 1.0 ml/min through a C18 5-p.m Microsorb column (4.6 by 250 mm), with a 50-mm guard column (Rainin Instrument Co., Woburn, Mass.). Aflatoxin peaks were detected by fluorescence, with excitation at 365 nm and emission at 455 nm. AFB1 has a retention time of 6.3 min. Trace levels of AFB2, at approximately 0.1% of the AFB1 concentration, were detected but not quantitated.
MATERUILS AND METHODS

Strain
TLC. For thin-layer chromatography (TLC) analysis, agar plate extracts and sterigmatocystin (ST) and O-methylsterigmatocystin (OMST) standards (Sigma Chemical Co.) were prepared (1, 4). The detection limit was 200 ng per agar plate and 5 ng per spot on the TLC plates.
RESULTS
Aflatoxin production during growth on CYA agar at 25°C. Growth was monitored by the increase in colony diameter on 83-mm (internal diameter) CYA plates ( Fig. 1) . Aflatoxin production appears to be a function of colony area instead of colony diameter, since plotting the square root of the aflatoxin concentration against time results in a straightened curve. The aflatoxin concentration in the plates peaked at 8 days, which coincided with the time that the colony reached the perimeter of the plate. A decline in AFB1 levels was observed after 8 days, and the aflatoxin concentration remained constant until day 13 . A decrease in the aflatoxin concentration in liquid cultures of A. flavus and A. parasit- icus which have attained the maximum aflatoxin concentration has been observed by many investigators (10) . The degradation of aflatoxin by older (5 to 14 days) mycelia is thought to be due to peroxidase activity (10) .
Colonies on 50-mm plates had nearly reached the perimeter after 5 days of incubation. A standard incubation time of 6 days was selected as a result of these observations.
Inhibition of aflatoxin production. Four surfactants, Triton X-100, Tergitol NP-10, Triton X-301, and Latron AG-98, all at 1% (wt/vol) in CYA agar, inhibited AFB1 production by 96 to 99% (Table 1) . Triton X-100 and Tergitol NP-10 are nonionic surfactants with similar molecular weights and structures. Latron AG-98 is an agricultural spray adjuvant containing 80% nonionic surfactant and 10% butanol in water. Triton X-301 is a POE-derived anionic surfactant, analogous to Triton X-100 and Tergitol NP-10. It caused a 96% inhibition of aflatoxin production at a concentration of 0.2% (wtlvol).
Inhibition of aflatoxin production decreased by only 3.2-fold when the Triton X-100 concentration was reduced 10,000 fold, i.e., from 1% to 0.0001% (Tables 1 and 2 ). Aflatoxin production was not affected by a concentration of SDS (0.001%) which allowed normal growth ( Table 2) .
Aflatoxin inhibition was observed to correlate inversely with POE chain length when A. flavus was grown on CYA agar containing a series of Tergitol NP surfactants (Table 3) . (Table 3 ). An inverse correlation between hydrophobic chain length and aflatoxin inhibition was also noted. The hydrophobic moiety of Tergitol NP-10 consists of a nine-carbon chain and a phenol ring ( Table 3 ). The hydrophobic chains of POE lauryl ether and POE stearyl ether contain 12 and 18 carbons, respectively. Inhibition of aflatoxin production in the presence of Tergitol NP-10 and POE 10 lauryl ether (1%, wt/vol) was 99% (Table 3 ). An increase in hydrophobic chain length from 12 (POE 10 lauryl ether) to 18 (POE 10 stearyl ether) carbons reduced aflatoxin inhibition by 50%.
Inhibition of colony growth. Colonies on CYA agar control plates had covered the 50-mm plate after the 6 days of incubation at 25°C (Fig. 2) . Colony diameters on plates containing Triton X-100 (1.0 and 0.1%), Tergitol NP-7, Tergitol NP-10, Tergitol NP-14, POE 10 lauryl ether, Triton X-301, and Latron AG-98 were 30 to 50% smaller than those of colonies on CYA agar without surfactants (Tables 1 and  3 ). The diameter of a colony growing on Tergitol NP-40 agar was not restricted, but the appearance of the colony differed from that of control colonies by the development of profuse floccose growth. A. flavus grew more rapidly on CYA with Tergitol NP-40 than on CYA alone, although after 6 days, colonies on CYA had also reached the edge of the plate.
Colonies grown on Triton X-100 (1.0 and 0.1%), Tergitol NP-7, Tergitol NP-10, POE 10 lauryl ether, and Triton X-301 plates were similar in appearance, showing reduced sporulation, dense and "tufty" mycelial growth, and irregular margins (Fig. 2) . Colonies grown on Tergitol NP-14, Latron AG-98, and Triton X-100 (0.01%) plates, although smaller, were similar in appearance to control colonies. The colonies 
DISCUSSION
We have demonstrated inhibition of aflatoxin production by 9 of the 12 surfactants tested. The inhibition of aflatoxin production does not appear to be simply a function of colony diameter reduction. Aflatoxin concentrations were reduced by surfactant concentrations at which colony growth was not inhibited (e.g., Triton X-100 at 0.001 to 0.0001%).
The ionic surfactants used in this study inhibited the germination of A. flavus spores at concentrations at which the nonionic surfactants only slightly inhibited growth but greatly inhibited aflatoxin production. Kramer et al. (21) demonstrated that Aspergillus and Penicillium spp. could grow in the presence of 5% Triton X-100 but that 0.1% SDS suppressed their growth. In the present study, aflatoxin production byA. flavus was unaffected at a concentration of SDS (0.001%) at which growth occurred.
Surfactant molecules vary in both their lipophilic and hydrophilic moieties. A measure of the hydrophilic-lipophilic balance, HLB number (see Table 3 , footnote b), has been assigned to nonionic surfactants as an indication of their effectiveness as emulsifiers for agricultural formulations and as wetting agents (32) . The HLB number of a surfactant alone cannot be used, however, to predict the degree of aflatoxin inhibition (Table 3) . Triton X-100, Tergitol NP-10, and POE 10 stearyl ether have similar HLB numbers, 13.9, 13.8, and 12.9, respectively, but POE 10 stearyl ether effected less than half as much aflatoxin inhibition as Triton X-100 and Tergitol NP-10. A surfactant with an HLB number of approximately 12 to 14 and a hydrophobic chain molecular weight of approximately 203 or less appears to be effective at inhibiting aflatoxin production.
The nature of the inhibition of aflatoxin production is unknown, although it is not due to inhibition of colony growth. The phytotoxicity of anionic surfactants correlates with the hydrophobic chain length and the overall size of the molecule (14) . The longer the alkyl chain, the more phytotoxic an anionic surfactant is, although beyond a certain size, it presumably cannot penetrate the outer membrane. The length of the POE chain in nonionic surfactants generally correlates inversely with phytotoxicity (14) . Thus, POE 10 lauryl ether, Triton X-100, and Tergitol NP-7 and NP-10 may be small enough to penetrate the cell membrane and denature a cytoplasmic aflatoxin-biosynthetic enzyme, whereas POE 10 stearyl ether and Tergitol NP-14, NP-35, and NP-40 may be too large to enter the cell but could still affect growth by altering the permeability of the cell membrane.
Smith et al. (29) found that nonionic surfactants with It is also possible that the inhibitory effect of surfactants on aflatoxin production is due to denaturation of an aflatoxin-biosynthetic enzyme located in the membrane. It has been suggested that an enzyme postulated to catalyze one reaction in the conversion of averufin to versiconal hemiacetal acetate, versicoloronal synthase, is membrane bound (11) . Many kinds of surfactants are used to solubilize membrane proteins, and it is well known that surfactants vary in their effects on membrane proteins (19) .
Growth of fungi occurs by hyphal tip elongation and lateral bud development. Lateral branching and differentiation have been correlated with aflatoxin production (12) . Thus, it is possible that surfactants inhibit aflatoxin production by inhibiting lateral bud development.
In this study, we examined cultures for the accumulation of the two most toxic intermediates in the aflatoxin biosynthetic pathway, ST In peanuts, preharvest aflatoxin contamination is usually more significant than the contamination which occurs postharvest (9) . Controlling preharvest aflatoxin contamination also seems to be the major focus in corn (25) . Various surfactants, called spreaders, including some used in this study, have been approved for use as agricultural spray adjuvants. Spreaders improve the effectiveness of fungicides, insecticides, and herbicides by increasing the sticking of spray droplets to foliage. Nonionic surfactants are preferred, as they are generally less phytotoxic (14) . Surfactants in pesticide formulations are used in the 0.01 to 1.0% concentration range (23) . Triton X-100, and presumably similar POE-derived nonionic surfactants, effectively inhibit aflatoxin production in this range. The inhibition of aflatoxin production by nonionic surfactants, the surfactants used in spreaders, suggests the opportunity for their use to control preharvest aflatoxin formation in susceptible crops. The use of these surfactants to reduce aflatoxin on crops would be "safe" unless aflatoxin reduction requires more frequent application than for spreading functions.
The fact that different surfactants of known structure inhibit aflatoxin production to different degrees may make surfactants useful tools in the further investigation of aflatoxin synthesis and regulation.
